Propagation character of spin wave was investigated for chiral magnets FeGe and Co-Zn-Mn alloys, which can host magnetic skyrmions near room temperature. On the basis of the frequency shift between counter-propagating spin waves, the magnitude and sign of Dzyaloshinskii-Moriya (DM) interaction were directly evaluated. The obtained magnetic parameters quantitatively account for the size and helicity of skyrmions as well as their materials variation, proving that the DM interaction plays a decisive role in the skyrmion formation in this class of room-temperature chiral magnets. The propagating spin-wave spectroscopy can thus be an efficient tool to study DM interaction in bulk single-phase compounds. Our results also demonstrate a function of spin-wave diode based on chiral crystal structures at room temperature.
Recently, the concept of magnetic skyrmions, i.e. vortex-like swirling spin texture with topologically stable particle nature, has attracted much attention as potential information carriers for novel magnetic information storage and processing devices [1] [2] [3] [4] [5] [6] [7] [8] . The skyrmion and associated helical spin texture can be stabilized by several distinctive mechanisms, such as Dzyaloshinskii-Moriya interaction (DMI) [1, 8] , frustrated exchange interactions [9, 10] or the competition between magnetic dipole-dipole interaction and magnetic anisotropy [11, 12] .
So far, the experimental observation of skyrmions has mainly been reported for a series of noncentrosymmetric ferromagnets, where the sizable contribution of DMI is expected [2, 4, [13] [14] [15] . However, the full understanding for DMI in the metallic system is often more difficult than the case for the insulating system, and recent theories suggest its relevance to quantum Berry phase and band anti-crossing that causes the complicated E F (Fermi energy)-dependence of DMI [16] [17] [18] . To unambiguously elucidate the microscopic origin of skyrmion formation for each compound, the direct quantitative evaluation of relevant magnetic parameters, in particular the magnitude and sign of DMI, is important.
To directly evaluate DMI, one promising approach is the analysis of spin wave dispersion in the ferromagnetic state. It is generally symmetric (i.e. even function) with respect to the wave number k, but can become asymmetric only under the existence of k-linear term originating from DMI that causes the energy shift between ±k [19] . The direct observation of DMI based on this idea has recently been reported for the interface of bilayer films by employing several surface-sensitive methods such as Brillouin light scattering [20, 21] and spin-polarized electron energy loss spectroscopy [22] . For bulk single-phase compounds, on the other hand, the direct quantitative evaluation of DMI has rarely been reported. Only recently, the alternative method based on neutron inelastic scattering technique [23] and propagating spin-wave spectroscopy (PSWS) [24] [25] [26] [27] [28] has been proposed.
Among a series of single-phase compounds hosting magnetic skyrmions, the most promising ones for potential application are chiral-lattice helimagnetic metals FeGe (T c = 280 K) [13, [29] [30] [31] and Co-Zn-Mn alloys (T c > 400 K) [15, 32, 33] , which are characterized by exceptionally high magnetic ordering temperature T c . In particular, Co-Zn-Mn alloys can host various unique forms of skyrmions, such as triangular and squaric lattice forms as well as highly distorted forms, for a wide compositional range [15, 32] , and would allow the fine tuning of size and stability of skyrmions with alloy composition. For such an essential class of materials, however, the quantitative evaluation of associated magnetic interactions is still lacking.
In this Letter, we investigated the relevant magnetic parameters for such room-temperature chiral-lattice magnets FeGe, Co 8 Zn 8 Mn 4 and Co 9 Zn 9 Mn 2 by using propagating spin-wave spectroscopy. The spin wave in the ferromagnetic state in chiral materials shows nonreciprocal propagation, namely accompanying a nonzero frequency shift dependent on the propagation direction; this allows the direct evaluation of the magnitude and sign of DMI.
In combination with the real-space observation of spin texture, our analysis quantitatively proved that the DMI plays a decisive role in the size and helicity of skyrmions as well as their material systematics.
The crystal structures of FeGe and Co-Zn-Mn alloys are indicated in Figs. 1(g) and (h).
They possess neither inversion center nor mirror plane, and belong to chiral cubic space groups P 2 1 3 and P 4 1 32, respectively. Their reported H(magnetic field)-T (temperature) phase diagrams are summarized in Figs. 1 (a)-(c) [15, 30] . In all compounds, the helical spin order is realized under zero magnetic field, while the formation of skyrmion lattice has been reported for narrow T regions just below T c . By applying a magnetic field larger than a critical value H c , the collinear ferromagnetic spin state is induced. Our measurements of spin wave propagation character were always performed in the H-induced ferromagnetic state.
Single crystals of FeGe and Co-Zn-Mn alloys were grown by chemical vapor transport method [34] and Bridgman method [33] , respectively. The operating principle of PSWS is described in Refs. [24, 25, 28] always applied parallel to it (i.e. H||k), corresponding to backward volume wave geometry [35] . The wave number k of the excited spin wave is determined by the Fourier transform of the waveguide pattern [24, 25] . Unless specified, we employed the waveguide pattern with the periodicity of λ = 12 µm and the propagation gap d = 20 µm characterized by a main peak of wave number distribution at k p = 2π/λ = 0.50 µm −1 (See Supplemental Material [36] for details).
First, we investigated the magnetic field dependence of microwave absorption spectra is reversed ( Fig. 2(c) ).
In the following, we discuss the origin of the observed frequency shift ∆ν 0 between the spin waves propagating with the wave vector +k and −k. The effective Hamiltonian for the ferromagnets with chiral cubic crystal lattice can be described as H = d r(E + H D ) with energy density E given [19] by
where J, D, and K describe the magnitude of ferromagnetic exchange, DMI, and cubic anisotropy term, respectively. H D represents the magnetic dipole-dipole interaction, and S, γ, h = 2π , µ 0 , and V 0 are the dimensionless vector spin density, gyromagnetic ratio, Planck constant, magnetic permeability of vacuum, and the volume of formula unit cell,
respectively. In the case of the infinitely wide plate-shaped sample with the thickness l and H||k||[110] lying along the in-plane direction, the corresponding spin wave dispersion is deduced [19, 35] as
where
Figures 1(j) and (k) exhibit the spin wave dispersion calculated by Eq. (2), with the parameters deduced for FeGe (through the detailed analysis of spin wave spectra as described below). The dispersion is parabolic with its minimum at |k| = D/J, except for the k → 0 region affected by the magnetic dipole-dipole interaction. The first and second terms in the right side of Eq. (2) are odd and even functions of k, respectively, indicating that only the former k-linear term originating from DMI can cause the asymmetry in spin wave dispersion. Here, the magnitude of frequency shift ∆ν 0 = ν(+|k|) − ν(−|k|) is described as
To experimentally confirm the predicted k-linear nature of |∆ν 0 |, we performed another measurement of |∆ν 0 | using a similar waveguide pattern but with a different periodicity λ. 2), and the critical magnetic field H c given [19, 35] by
The red solid line in Fig. 1(d) is the fitting curve based on Eq. (2), and the magnetic parameters for FeGe determined from the spin wave spectra are listed in Table 1 . On the basis of these magnetic parameters determined from the spin wave spectra, we can elucidate the microscopic origin of helimagnetism and skyrmion formation in FeGe, Co 8 Zn 8 Mn 4 , and Co 9 Zn 9 Mn 2 . When the DMI dominantly contributes to the emergence of helimagnetism, the magnetic modulation period λ h in the helical or skyrmion-lattice spin state should be given [19] as
To testify the validity of this model for each compound, the values of 2πJ/D deduced from the present PSWS measurements (Table 1) Note that such DMI-induced frequency shift between counter-propagating spin waves is observable even at 300 K for Co 9 Zn 9 Mn 2 ( Fig. 3(c) , inset), which demonstrates the first clear observation of this phenomenon at room temperature in bulk metallic single-phase compounds. This can be viewed as a function of spin-wave diode owing to the chiral crystal structure, and may serve as an unique building element for the spintronics based on the concept of spin-wave spin current [43] .
In summary, we experimentally identified all the relevant magnetic parameters for roomtemperature chiral-lattice magnets FeGe and Co-Zn-Mn alloys, by investigating the propagation character of spin wave. On the basis of the observed frequency shift between counterpropagating spin waves, the magnitude and sign of DM interaction were directly evaluated.
Combined with the real-space observation of spin texture, the sign of DM interaction is confirmed to be coupled with the skyrmion helicity. The magnetic parameters obtained from spin wave spectra quantitatively account for the reported skyrmion size and its material variation, which proved that the DM interaction plays a decisive role in the helimagnetism and skyrmion formation in these compounds. The propagating spin-wave spectroscopy can thus be an efficient tool to study DM interaction in bulk single-phase compounds, and the present results will provide a fundamental basis for the further parameter tuning and material search to obtain the desirable size and stability of room-temperature skyrmions toward their potential storage application. (Table 1 ) and the actual helical spin modulation period λ h determined previously by SANS experiments [15, 29] . Solid line represents the relationship expected from Eq. (5) Our measurement and data analysis procedures associated with propagating spin-wave spectroscopy follow the method described in Refs. [S1, S2, S3] . To investigate the propagation character of spin wave, we fabricated the device structures as summarized in Figs.  S1(a) and (b) . A pair of coplanar waveguides consisting of Au(195 nm)/ Ti(5 nm) were patterned on the oxidized silicon substrates by photolithography, and 100-nm-thick of insulating Al 2 O 3 was deposited on top of them. Then, a plate-shaped single crystal of FeGe or Co-Zn-Mn alloys with typical size from 70 µm × 15 µm × 1 µm to 60 µm × 10 µm × 1 µm was extracted from the original bulk crystal pieces and placed across the waveguides with W deposition at both edges of the crystal by focused ion beam (FIB) microfabrication technique. Each waveguide was connected with a vector network analyzer (VNA) through a coaxial cable and ground-signal-ground (GSG) microprobe. An oscillating electric current I ν of gigahertz frequency ν was injected into one of the waveguides via VNA. This I ν generated oscillating magnetic field H ν and excited spin waves in the sample. The propagating spin wave generated an additional magnetic flux on the waveguides, which induced an oscillating electric voltage V ν following Faraday's law. The complex spectrum of scattering parameters (S nm (ν, H) with n and m being the port number used for the excitation and detection of spin wave, respectively) was measured by VNA at various magnitudes of external magnetic field, and converted into the impedance spectrum Z nm (ν, H) defined as V ν n = m Z nm (ν)I m (ν) assuming the characteristic impedance Z 0 = 50 Ω [S4] . The spectrum at a reference field H = H ref , for which no magnetic resonant behavior occurs within the frequency range of interest, was used as the background. By subtracting the referential impedance from the resonant one, the spin-wave contribution to the inductance spectrum was deduced as ∆L nm (ν,
For the analysis of the propagation character of spin wave, we mainly investigated the mutual inductance ∆L 12 and ∆L 21 between two waveguides. To evaluate the local excitation strength of spin wave, we employed ∆S 11 (ν, H) = S 11 (ν, H) − S 11 (ν, H ref ). In the present work, the wave vector k of spin wave was along the [110] axis for FeGe and along the [100] axis for Co-Zn-Mn alloys, respectively. External magnetic field was always applied parallel to k (i.e. H||k), which corresponds to the geometry of magnetostatic backward volume waves [S5] . Figure S1 (c) is a side view of the coplanar waveguide pattern employed in the present study. Each waveguide consists of one signal line and two ground lines, terminated with a short circuit. When it is connected to the VNA through the GSG microprobe, the input current densities for the signal and ground line are I ν and −I ν /2, respectively. The distribution of the wave number k of the excited spin wave is given by the Fourier transform of the waveguide pattern [S2, S3] as plotted in Fig. S1(d) . A main peak of wave number for the waveguide pattern with the periodicity λ = 12 µm and λ = 24 µm is at k p = 0.50 µm −1 and k p = 0.25 µm −1 , respectively. These satisfy the relationship k p ∼ 2π/λ. While the higher order peaks are found in the larger k regions, the amplitude of the second largest one is 1/7 times as large as the main peak. Therefore, we analyzed the ∆L nm spectra assuming only the main peak contribution centered at k p .
The LTEM (Lorentz transmission electron microscopy) study was carried out using a conventional TEM (JEM-2100F) at an acceleration voltage of 200 kV. By using the FIB microfablication technique, thin-plate samples with typical thickness of 150 nm were prepared from left-handed and right-handed crystal pieces of FeGe, which are the same ones as employed for spin wave measurements. Their crystal orientation was confirmed using electron diffraction patterns. In LTEM observations, the magnetic structures can be imaged as convergences (bright contrast) or divergences (dark contrast) of the electron beam on the defocused (under-or over-focused) image planes. Sample temperature was kept at 260 K, controlled by a liquid-nitrogen specimen holder, and a magnetic field of 100 mT was applied perpendicular to the specimen plate. According to Ref. [S6] , the phase diagram of thin-plate sample is dependent on the sample thickness, and the skyrmion phase is generally stabilized for a wider temperature range in a thinner sample. Therefore, the H-T phase diagram of the thin-plate sample for LTEM observations should be slightly different from that of the bulk sample shown in Fig. 1(a) of the main text.
SPIN WAVE DISPERSION
The effective Hamiltonian for the ferromagnets with chiral cubic symmetry can be described as H = d r(E + H D ) with energy density E [S7]
where J, D, and K describe the magnitude of ferromagnetic exchange, DMI, and cubic anisotropy term, respectively. H D represents the magnetic dipole-dipole interaction, and S, γ, h = 2π , µ 0 , and V 0 are the dimensionless vector spin density, gyromagnetic ratio, Planck constant, magnetic permeability of vacuum, and the volume of formula unit cell, respectively. When the infinitely wide plate-shaped sample with the thickness l is assumed and H||k lies along the in-plane direction, the corresponding spin wave dispersion is given [S5, S7] as
with C even = (JSV 0 k 2 +∆)(JSV 0 k 2 +∆ +K). ]. For both configurations, C even is a even function against k, and therefore only the first k-linear term in the right side of Eq. (S2) can cause an asymmetry in spin wave dispersion.
Based on Eq. (S1), the critical magnetic field µ 0 H c (required to induce transition from helical to ferromagnetic spin state) is deduced [S7] as . To analyze the obtained spin wave spectra, we used the above relationships for corresponding measurement geometries.
MAGNETIC FIELD DEPENDENCE OF FREQUENCY SHIFT
To confirm the reliability of the D-value estimated from |∆ν 0 |, we investigated the magnetic field dependence of the magnitude of frequency shift |∆ν 0 | between the spin waves 
